The sterically demanding 9-phenylfluorenyl N-protection of a number of amino acids allows the formation of amino acid derived b-ketophosphonate reagents and their Horner-Wadsworth-Emmons olefination. In an attempt to develop a synthesis of Derythro-homosphingosine in enantiopure form, we have shown that the reactivity of the intermediates is influenced by the distinctive conformational requirements of this large protecting group.
Sphingolipids constitute a major membrane component of eukaryotic cells, and important roles in cell recognition, differentiation, cell-cell contact and cell growth have been recognized. 1 The backbone of sphingolipids is Derythro-sphingosine (1; Figure 1 ); ceramides (2) are formed by acylation of the nitrogen with a fatty acid (RCOOH). More complex sphingolipids are formed by further addition of a polar head-group to the primary hydroxy group of sphingosine or ceramide. 2
Figure 1
We have previously developed a general and efficient synthesis of sphingosine based on a serine derived b-ketophosphonate. 3 However, although this chemistry is reliable and robust enough to be used for sphingolipid synthesis and for several other targets, it still suffers from the fact that the original a-center of the amino acid remains vulnerable to epimerization. 4 Although this epimerization can, in most cases, be suppressed to levels where it is not observed, in some highly sensitive cases these problems can be insurmountable. 5 9-Phenyl-9-fluorenyl (Pf) protection of the amino group has been shown to efficiently protect the carbon atom next to the nitrogen from epimerization, even in difficult cases. 6 We therefore became interested in investigating whether the b-ketophosphonate chemistry we have developed for the Boc-protected amino acid derivatives 7 can be translated to the corresponding Pf-protected amino acid derivatives. Towards this end, we chose a homosphingosine derivative as a first target molecule for testing the methodology.
Homosphingosine derivatives and homoceramides ( Figure 2 ) have been the targets of only a few synthetic studies. 8 A general synthetic approach to homoceramides could lead to the development of a new class of anticancer drugs, 8 thus the synthesis of D-erythro-homosphingosine (3) was investigated in this work, with the aim of subsequently preparing a range of homoceramides.
Figure 2
We envisioned that D-erythro-homosphingosine (3) could be conveniently constructed from L-aspartic acid by internal asymmetric induction, whereby the two carboxy functionalities of L-aspartic acid could be transformed into the 2-amino-1,4-diol structure present in 3.
Our general strategy (Scheme 1) was to convert a protected L-aspartic acid into homoserine 5, and protect it as the N,O-acetal 6. The C-5 carbon would then be added with the formation of a b-ketophosphonate 7, and the E double bond as well as the aliphatic chain would be introduced through a modified Horner-Wadsworth-Emmons reaction 7 to give enone 8. Selective reduction 9 of the carbonyl and removal of the protecting groups would lead to the desired compound homosphingosine (3). The diastereoselectivity of the reduction was expected to be enhanced by bulky protecting groups: tert-butyl ester of the a-amino acid and 9-phenyl-9-fluorenyl of the amino group.
Anticipating difficulties during the phosphonation/chainelongation of 6b because of steric hindrance from the atert-butyl and 9-phenyl-9-fluorenyl groups, we initially Author's accepted manuscript, published in SYNTHESIS 5 (2010) 757-762 conducted a model study with the L-alanine derived compound 11 (Scheme 2).
Crude N-Pf-protected 9 6b,10 was directly esterified to give compound 10 in 42% yield as yellow crystals. 11 An analytical sample was recrystallized from hexanes, and the Xray crystal structure was determined ( Figure 3 ). 12 Phosphonation 13 of the model compound 10, avoiding excess n-butyllithium [dimethyl methylphosphonate (5.5 equiv), n-BuLi (5.27 equiv)], gave 11 as a yellow oil in an acceptable, although low, yield of 52%. Encouraged by this finding, we embarked on the actual route with homoserine. N-Pf-homoserine tert-butyl ester (5b) 14 was fully protected as the cyclic hemiaminal 6b utilizing the method developed by Rapoport (Scheme 3). 15 Encouraged by the successful phosphonation of model compound 10, we submitted 6b to the conditions developed by Lee [dimethyl methylphosphonate (6.5 equiv) and n-BuLi (9.0 equiv)]. 12 However, 6b failed to react under these conditions, and led to only extensive decomposition under more forcing reaction conditions. Apparently, the steric hindrance caused by the tert-butyl and 9-phenylfluorenyl groups is enhanced by the rigid acetal ring of 6b.
Having failed to form the b-ketophosphonate from acetal 6b, we decided to opt for the less hindered methyl ester (Scheme 4). Thus, a-methyl aspartate 16 was converted into the crystalline a-methyl N-Pf-aspartate 12 (Figure 4 ).
Borane reduction of 12 to the N-Pf-homoserine methyl ester (5a) 17 was performed using the Alberg protocol. 18 The starting material 12 needed to be heated and stirred for 2-3 days to yield 52% of 5a. N,O-Acetal protection of 5a proceeded smoothly, giving 6a in 85% yield. Simple recrystallization from hexanes gave pure 6a. The crystal structure of 6a is shown in Figure 5 . It is noteworthy that both the methyl ester group and the bulky nitrogen pro- 
tecting group occupy axial positions. This unusual steric disposition of the groups would surely affect the chemistry of such compounds, as we were soon to observe.
Phosphonation of 6a with 3.3 equivalents of dimethyl methylphosphonate and 3.0 equivalents of n-BuLi gave 7 in 64% yield. Horner-Wadsworth-Emmons olefination gave the Z-olefin 8 in 67% yield.
DIBAL-H reduction 9 of 8 in toluene was expected to give the desired anti-alcohol. However, presumably due to the conformational features of the ring substituents, the oxazinane underwent reductive ring opening, leaving a methyl group attached to the nitrogen (determined by HMBC 2D-NMR). The yield was modest, reaching only 55%, but only the anti diastereomer could be detected by 1 H NMR after HPLC. 19 In conclusion, we have shown that the b-ketophosphonate/Horner-Wadsworth-Emmons olefination chemistry developed previously for Boc-protected serine derivatives can be successfully transferred to 9-phenylfluorenyl-protected amino acid derivatives for the synthesis of homosphingosine derivatives. Olefination followed by highly diastereoselective reduction of the enone were accompanied by the unwanted reductive cleavage of the hemiaminal moiety. The development of milder methods for the reduction of the sensitive enone will be reported in due course. 
(S)-Dimethyl {2-Oxo-2-[3-(9-phenyl-9H-fluoren-9-yl)-1,3-oxazinan-4-yl]ethyl}phosphonate (11)
To a stirred solution of dimethyl methylphosphonate (0.153 mL, 1.43 mmol, 5.5 equiv) in anhydrous THF (4 mL) under argon at -78°C, was added dropwise n-BuLi (2.5 M in hexanes, 0.55 mL, 1.37 mmol, 5.27 equiv). The mixture was stirred for 10 min then a solution of 10 (0.10 g, 0.26 mmol, 1.0 equiv) in anhydrous THF (1 mL) was added dropwise. The solution was stirred for 5.5 h while slowly warming to -6°C. The reaction was quenched with sat. aq NH 4 Cl (3 mL), which formed a white solid. A little water was added to dissolve the solid, and the mixture was extracted with EtOAc (3 × 10 mL). The combined organic layers were dried over Na 2 SO 4 and evaporated. Purification by flash chromatography (EtOAchexanes, 50→75%) gave 11. 13 (2S)-a-Methyl N-(9-Phenyl-9H-fluoren-9-yl)aspartate (12) To a stirred solution of (S)-a-methyl aspartate (4.0 g, 27 mmol, 1.00 equiv) in anhydrous CH 2 Cl 2 (50 mL) was added TMSCl (3.7 mL, 29 mmol, 1.07 equiv) under argon. After 2 h, Et 3 N (8.0 mL, 58 mmol, 2.15 equiv) was added and, after another 15 min, Pb(NO 3 ) 2 (5.96 g, 18 mmol, 0.67 equiv) and a solution of 9-bromo-9-phenylfluorene (11.57 g, 36 mmol, 1.33 equiv) in anhydrous CH 2 Cl 2 (50 mL) were added. After stirring for 3 d, MeOH (14 mL) was added and, after another 15 min, the mixture was filtered and evaporated. The viscous residue was partitioned between aq. citric acid (5%, 150 mL) and Et 2 O (150 mL). The layers were separated and the aqueous layer was extracted with Et 2 O (2 × 100 mL). The combined organic layers were washed with brine (60 mL), dried over MgSO 4 and evaporated. The residue was dissolved in Et 2 O (70 mL) and extracted with sat. aq NaHCO 3 (5 × 30 mL). The aqueous layers were acidified with concd H 3 PO 4 
(S)-Methyl 4-Hydroxy-2-[(9-phenyl-9H-fluoren-9-yl)amino]butanoate (5a)
To a stirred solution of 12 (2.0 g, 5 mmol, 1.00 equiv) in anhydrous THF (10 mL) at -5°C under argon, borane-THF (1.5 M in THF-Et 2 O, 6.7 mL, 10 mmol, 2.00 equiv) was added dropwise. After stirring for 4 h, further borane (3.3 mL, 5 mmol, 1.00 equiv) was added and the cooling bath was removed. After 22 h, the mixture was heated to 40°C for 45 h and the reaction was quenched by adding aq citric acid (10%, 30 mL). Et 2 O (50 mL) was added, the layers were separated, and the aqueous layer was extracted with Et 2 O (3 × 25 mL). The combined organic layers were washed with brine (30 mL), dried over Na 2 SO 4 and evaporated. Purification twice with flash chromatography (EtOAc-hexanes, 10→20→50→75→100% then EtOAc-hexanes, 40%) gave 14. Partial recrystallisation from benzene-hexanes yielded colorless crystals for analytical purposes.
Yield: 0.97 g (52%); yellow oil; mp 96-97°C (Lit. 16 96-97°C).
(S)-Methyl 3-(9-Phenyl-9H-fluoren-9-yl)-1,3-oxazinane-4-carboxylate (6a) To a stirred solution of 5a (3.55 g, 9.5 mmol, 1.00 equiv) in distilled THF (80 mL), formaldehyde (11.5 mL, 152 mmol, 16.00 equiv, 35-40 wt% in H 2 O) and p-TsOH·H 2 O (0.133 g, 0.95 mmol, 10 equiv) were added under argon. The solution was stirred for 2 d then sat. aq NaHCO 3 (20 mL) was added, which formed a white solid, and the mixture was extracted with EtOAc (3 × 30 mL). A little water was added to the aqueous layer to dissolve the white solid. The aqueous layer was extracted with EtOAc (2 × 30 mL) and the combined organic layers were washed with brine (30 mL), dried over Na 2 SO 4 and evaporated. Recrystallisation of the mother liquor three times with EtOAc-cyclohexane, cyclohexane, and hexanes yielded three crops of 6a. 
(S)-Dimethyl {2-Oxo-2-[3-(9-phenyl-9H-fluoren-9-yl)-1,3-oxazinan-4-yl]ethyl}phosphonate (7)
To a stirred solution of dimethyl methylphosphonate (2.65 mL, 24.75 mmol, 3.30 equiv) in anhydrous THF (50 mL) at -78°C, n-BuLi (2.5 M in hexanes, 9.0 mL, 22.5 mmol, 3.00 equiv) was added over 15 min under argon. The solution was stirred for 10 min then 6a (2.874 g, 7.5 mmol, 1.00 equiv) in anhydrous THF (20 mL) was added over 35 min at -78°C (the reaction mixture turned slowly orange). The mixture was allowed to warm slowly to 0°C over 3.6 h. 
(S,E)-1-[3-(9-Phenyl-9H-fluoren-9-yl)-1,3-oxazinan-4-yl]hexadec-2-en-1-one (8)
Compound 7 (0.50 g, 1.0 mmol, 1.00 equiv) was dissolved in anhydrous MeCN (10 mL) in a Morton-flask under argon, and K 2 CO 3 (0.42 g, 3.0 mmol, 3.00 equiv) was added. After 20 min, tetradecanal (0.40 g, 1.1 mmol, 1.10 equiv, 58 wt% mixture) was added. The white suspension was stirred for 48 h, then tetradecanal (0.21 g, 0.57 mmol, 0.57 equiv, 58 wt% mixture) was added. After stirring for a further 2 d, the reaction was quenched with aq citric acid (5%, 40 mL) and diluted with Et 2 O (40 mL). The layers were separated, and the aqueous layer was extracted with Et 2 O (3 × 20 mL). The combined organic layers were dried over Na 2 SO 4 11 CH 2 CH=CHC(=O)], 0.88 (t, J = 6.9 Hz, 3 H, CH 3 (CH 2 ) 11 C). 13 
(3S,4S,E)-3-[Methyl(9-phenyl-9H-fluoren-9-yl)amino]nonadec-5-ene-1,4-diol (13)
Compound 8 (0.04 g, 0.07 mmol, 1.00 equiv) was dissolved in anhydrous toluene (3 mL) and cooled to -78°C under argon. DIBAL-H (1.0 M in toluene) was added in three portions: First portion (0.21 mL, 0.21 mmol, 3.00 equiv), after 22 min second portion (0.1 mL, 0.1 mmol, 1.40 equiv) and, after another 15 min, third portion (0.04 mL, 0.04 mmol, 0.57 equiv). 14 min after the last addition the reaction was quenched with acetone (1 mL) and the mixture was allowed to warm to r.t. A little H 2 O was added, followed by sat aq Na 2 SO 4 (1.5 mL). After 15 min stirring, the mixture was filtered through Celite, and the Celite was washed with toluene. The filtered solution was concentrated under reduced pressure, H 2 O (2 mL) was added and the layers separated. The aqueous layer was extracted with Et 2 O (3 × 5 mL) and the combined organic layers were dried over Na 2 SO 4 and evaporated. Purification by flash chromatography (EtOAc-hexanes, 25→75%) gave 13.
